Abstract: Mineralogical, major, minor, REE and trace element analyses of rock samples were performed on Middle Miocene limestones (Leitha limestones, Badenian) collected from four localities from Austria (Mannersdorf, Wöllersdorf, Kummer and Rosenberg quarries) and the Fertőrákos quarry in Hungary. Impure to pure limestones (i.e. limited by Al 2 O 3 contents above or below 0.43 wt. %) were tested to evaluate the applicability of various geochemical proxies and indices in regard to provenance and palaeoenvironmental interpretations. Pure and impure limestones from Mannersdorf and Wöllersdorf (southern Vienna Basin) show signs of detrital input (REEs = 27.6 ± 9.8 ppm, Ce anomaly = 0.95 ± 0.1 and the presence of quartz, muscovite and clay minerals in impure limestones) and diagenetic influence (low contents of, e.g., Sr = 221 ± 49 ppm, Na is not detected, Ba = 15.6 ± 8.8 ppm in pure limestones). Thus, in both limestones the reconstruction of original sedimentary palaeoenvironments by geochemistry is hampered. The Kummer and Fertőrákos (EisenstadtSopron Basin) comprise pure limestones (e.g., averages Sr = 571 ± 139 ppm, Na = 213 ± 56 ppm, Ba = 21 ± 4 ppm, REEs = 16 ± 3 ppm and Ce anomaly = 0.62 ± 0.05 and composed predominantly of calcite) exhibiting negligible diagenesis. Deposition under a shallow-water, well oxygenated to intermittent dysoxic marine environment can be reconstructed. Pure to impure limestones at Rosenberg-Retznei (Styrian Basin) are affected to some extent by detrital input and volcano-siliciclastic admixture. The Leitha limestones at Rosenberg have the least diagenetic influence among the studied localities (i.e. averages Sr = 1271 ± 261 ppm, Na = 315 ± 195 ppm, Ba = 32 ± 15 ppm, REEs = 9.8 ± 4.2 ppm and Ce anomaly = 0.77 ± 0.1 and consist of calcite, minor dolomite and quartz). The siliciclastic sources are characterized by immobile elemental ratios (i.e. La/Sc and Th/Co) which apply not only for the siliciclastics, but also for marls and impure limestones. At Mannersdorf the detrital input source varies between intermediate to silicic igneous rocks, while in Kummer and Rosenberg the source is solely silicic igneous rocks. The Chemical Index of Alteration (CIA) is only applicable in the shale-contaminated impure limestones. CIA values of the Leitha limestones from Mannersdorf indicate a gradual transition from warm to temperate palaeoclimate within the limestone succession of the Badenian.
Introduction
Sedimentary geochemistry, especially the distribution of rare earth elements (REEs) provides valuable information about marine depositional environments and sediment provenance. It is used in the assessment of the pathways of terrigenous and biogenic fluxes from the source to the sediments (Piper 1974; Elderfield & Greaves 1982; Haley et al. 2004; Anderson et al. 2007; Johannesson et al. 2014; Garbelli et al. 2016) . Absolute element concentrations, relative abundance, patterns of the REEs and Ce and Eu anomalies provide guiding tools and can be used as proxies for various environmental parameters, widely applied in sedimentological studies (e.g., Elderfield 1988; Piepgras & Jacobsen 1992; Nozaki 2001; Bau et al. 2010) . The absolute and relative concentrations of these elements in sediments help us to recognize, classify and unravel (1) the detrital input but also input from hydrothermal systems and related alterations; (2) the interaction with the biogeochemical cycle involving removal of elements from water bodies by adsorption and oxidation on particle surfaces and deeper regeneration within the sedimentary column; and (3) the effects of advective transport through rocks (Elderfield 1988 ; Kocsis et al. 2010; Azmy et al. 2011) . REEs are characterized by largely similar behaviour in sediments, based on the chemical similarity as a result of the progressive filling of the inner 4f electrons orbital with increasing atomic number (de Baar et al. 1985; Nozaki 2001; Kim et al. 2012) .
REEs patterns can be used to distinguish between different depositional environments. Based on the model proposed by Haley et al. (2004) three pattern types can be distinguished: (1) the linear pattern type which shows a constant, but moderate increase in the Post-Archean Australian Shale (PAAS)-normalized REEs across the series, from lower to higher atomic numbers. In this pattern type REEs are released mainly from the degradation of particulate organic matter (POC). This pattern is distinctive for oxygen levels, namely oxic and suboxic environments; (2) HREE-enrichment pattern (higher (H) atomic number REEs enriched) in which the POC source plays an important role in carrying REEs; (3) MREE bulge pattern (enrichment in middle (M) REEs) which is strongly related to high Fe-concentrations. This correlation is interpreted as a result of the dissolution of a surficial, REEenriched solid Fe-phase which becomes the source for these REEs.
Further sediment geochemical interpretations can be performed using cerium and europium. All lanthanide elements are generally positively trivalent charged (i.e.
+3
), but Ce and Eu also exist in +4 and +2 states, respectively. The oxidation of Ce +3 (loss of electron) and production of Ce +4 takes place trough reaction with seawater and results in the formation of cerium dioxide (CeO 2 ) which is highly insoluble in seawater. This criterion makes Ce a practical index for interpreting primary redox conditions in seawater using carbonates (Elderfield 1988; Bau 1991; Bau & Möller 1992; Bau & Dulski 1999; Hongo & Nozaki 2001; Dubinin 2004; Craddock et al. 2010; Schmidt et al. 2010) . The reduction of Eu +3 to Eu +2 which has the ability to replace Ca +2 in feldspars, especially in plagioclase, is favourable in sites with submarine hydrothermal activity (Elderfield 1988 ) representing a secondary significant REEs source (e.g., Michard et al. 1983; Hinkley & Tatsumoto 1987; Campbell et al. 1988 ). There, the REEs are scavenged quickly from the hydrothermal fluids, especially Eu which is removed faster than its neighbour elements, and thus produces a positive Eu anomaly (Olivarez & Owen 1991) .
In this study we analysed the mineralogy and geochemistry of Neogene limestones (Middle Miocene, Badenian Leitha limestones) at several localities in Austria and Hungary. This work deals mainly with sediment geochemistry regarding major, minor and REEs of these limestones transitional from impure to pure carbonate lithologies (distinguished by Al 2 O 3 contents below or above 0.43), to get information about sediment provenance, hinterland and depositional environments. Provenance and environmental sediment geochemistry signals are distinguished and evaluated for significance in a relatively straightforward carbonate setting of the Central Paratethys Sea to test the applicability of various methods in sediment geochemistry on shallow-water carbonates in general.
Geological settings
The Vienna Basin was formed mainly as a pull-apart basin along strike-slip and normal faults due to transtension along the junction of the Eastern Alps and Western Carpathians (Royden 1985; Wessely 2006) . Subsidence took place during the late Early to Middle Miocene, and led to faulting along the basin margins. Subsidence rates strongly varied during basin development with increasing rates during the early Badenian in the southern part of the basin (Wessely 1983; Lankreijer et al. 1995; Wagreich & Schmid 2002; Lee & Wagreich 2017) . Islands, shoals, and small carbonate platforms were widespread in the Vienna Basin during the Middle Miocene (Dullo 1983; Riegl & Piller 2000; Schmid et al. 2001; Kováč et al. 2007; Harzhauser & Piller 2010) . The Leitha Mountains (southern part of Vienna Basin), type area of the Leitha limestones, represented a shallow carbonate platform with extensive carbonate production (Schmid et al. 2001; Strauss et al. 2006 ). According to Riegl & Piller (2000) these Leitha limestones were deposited in a gently sloping, shallow subtidal environment.
The Eisenstadt-Sopron Basin formed a small satellite basin of the Vienna Basin to the southeast, similar in many respects also to the larger Styrian Basin (e.g., Ebner & Sachsenhofer 1995) in the south of Austria, both at the junction to the Pannonian Basin system, and having similar Leitha limestones deposits in shoaling parts of the basins. The Styrian Basin opened in the Early Miocene during the final stage of the Alpine orogeny (Ebner & Sachsenhofer 1995) , and was divi ded by the N-S Middle Styrian Hills into the Eastern and Western Styrian subbasins (Kröll 1988) . Basin subsidence during the Karpatian was a result of extensional tectonics and led to marine flooding (Ebner & Sachsenhofer 1995) ; eruptive volcanism accompanying the tectonic activity continued in the Badenian (Balogh et al. 1994; Slapansky et al. 1999; Seghedi & Downes 2011) .
Middle Miocene shallow-water limestones in Central Europe are termed the Leitha limestones, a classical name that was already used during the 19 th century (e.g., Suess 1860). Lateron, the stratigraphic unit was defined by Papp & Steininger in more detail (in Papp et al. 1978) , although this definition does not conform to modern stratigraphic codes (Hedberg 1976; Salvador 1994; Steininger & Piller 1999 ) -as a consequence the term is not defined formally, and we use the term Leitha limestone as an informal name throughout the following paper. Leitha limestone thus refers to Middle Miocene shallow-water carbonate units composed mainly of corallinacean algae and subordinate coral-bearing strata. The latter were defined originally as being reefs (Papp et al. 1978; Dullo 1983; Tollmann 1985) , but later investigations (Piller & Kleemann 1991; Piller et al. 1996 Piller et al. , 1997 Riegl & Piller 2000) confirmed that these carbonates are not reefal deposits sensu stricto but rather coral carpets such as at the type locality in the Leitha Mountains of eastern Austria (Riegl & Piller 2000) .
The unit is dated mainly to the Badenian (regional Central Paratethys Middle Miocene stage) which is equivalent to the Langhian-early Serravallian stages (Piller et al. 2007; Hohenegger et al. 2014) . The existence of the lost Paratethys Sea was already proposed by Laskarev (1924) due to its different biogeographic entity compared to the Mediterranean Neogene. The Paratethys was subdivided into three palaeogeographic and geotectonic units, the Western, Central and Eastern Paratethys, respectively. The Eastern Alpine-Carpathian Foreland basins, from Lower Austria to Moldavia, the study area of the Vienna, Eisenstadt and Styrian basins in Austria, and the adjacent large Pannonian Basin System were included into the Central Paratethys (Piller et al. 2007) .
Although a huge amount of palaeontological data is avai lable for these Miocene limestones (e.g. Riegl & Piller 2000; Schmid et al. 2001) , the exact chronostratigraphic position of individual units of Leitha limestones remains hard to unravel. In general, mostly a middle to late Badenian (Langhian to early Serravalian) age was deciphered more recently (e.g., Reuter et al. 2012; Wiedl et al. 2012 Wiedl et al. , 2013 Wiedl et al. , 2014 Hohenegger et al. 2014) . Numerical ages for the Badenian are rare; tuffs intercalated with Leitha limestones in the Styrian basin at Retznei quarry were dated using 40 Ar/
39
Ar method on biotite, and yielded an age of 14.21± 0.07 Ma, together with three sanidine crystals of 14.34 ± 0.12 Ma (Handler et al. 2006) . Hohenegger et al. (2009) and Hohenegger & Wagreich (2012) , using cyclostratigraphy and astrochronology on combined outcrops and core data of the Badenian type locality in the southern Vienna Basin, dated the middle Badenian to 14.22 to 13.98 Ma (see also Hohenegger et al. 2014) . Strauss et al. (2006) used 3D seismic reflection data, well-drill data, surface outcrops and refined biostratigraphy in the interpretation of sequence stratigraphic framework for the southern and central Vienna Basin. Three Badenian 3 rd order depositional cycles, also recognized in the Styrian Basin (Schreilechner & Sachsenhofer 2007) , are correlated with the TB2.3., TB2.4. and TB2.5. cycles from the global sea-level charts of Haq et al. (1987) with most Leitha limestones corresponding to the TB2.4 and TB2.5 sequences, starting at 14.8 Ma and 13.6 Ma, respectively (Hohenegger et al. 2014) .
Sedimentary facies of Leitha limestones were investigated from many localities in Austria such as the type-locality at Fenk quarry (Grosshoeflein, Leitha Mts., Burgenland province, Austria, Fig. 1 ), where a sequence of ten coral intervals was observed (Riegl & Piller 2000) . According to the authors these coral intervals represent a sequence of coral carpets and nonframe building coral communities.
Studied areas
Mannersdorf quarry (samples are denoted by M14/n, where n is sample number) is an active quarry of the Lafarge Zementwerke GmbH close to the village Mannersdorf in Lower Austria ( Fig. 1) , in the SW marginal part of the Vienna Basin. The quarry is located in the NE marginal part of the Leitha Mountains ( Fig. 1 ) extends in NE-SW direction, and the mining activity continues in a SW direction. The Leitha limestones overlie mainly Middle Triassic dolostone and in some parts there is a deepening upward (transgressive) succession preserved, represented by basal breccias -gravel/conglomerate-sandstone-limestone (Fig. 2) . In the NE part of the quarry a gravel layer underlies the limestones, described by Wiedl et al. (2012) as well rounded, poorly sorted, and composed of granite, quartz and dolostone pebbles and fine quartz sand. Detailed stratigraphy and facies description were given by Wiedl et al. (2012) ; the facies types determined by these authors will be also used in our study. Besides cross-bedded gravel facies, basal breccia facies and rhodolith facies, the bioclastic corallinacean facies include seven subfacies (i.e. Acervulina-rhodolite, Mollusc, Amphistegina, Bryozoan, Coral debris, Pholadomya and Pinna subfacies) (Wiedl et al. 2012) .
The abandoned Wöllersdorf quarry area (samples are denoted by WÖ/n) is situated on the western margin of the Vienna Basin (Fig. 1) . Here, Miocene sediments transgress mainly Triassic carbonates of the Northern Calcareous Alps. Several metres of Leitha limestones yield abundant Corallinacea, and molluscs (Wessely 2006) . Mainly algal rudstones, grainstones and packstones were described from this area (Rohatsch 2005) .
The Kummer quarry (samples are denoted by SK/n) is located 2 km to the East of St. Margarethen village in Burgenland, Austria (Fig. 2) , within the Eisenstadt-Sopron Basin. The basin is surrounded by the Leitha Mountains to the North, Fertőrákos-Ruster Hügelland to the East, the Sopron Hills to the South and Rosalia mountains to the West. The Leitha limestones overly Neogene gravels and Austroalpine basement rocks. In the current paper we are following the sedimentology and stratigraphy of the quarry provided by Schmid et al. (2001) who defined three sedimentary facies (i.e. corallinacean debris facies, laminated marl facies and rudstones facies) from the quarry (Fig. 2) .
Fertőrákos quarry (samples are denoted by F/n) is located to the south of Kummer quarry in Hungary and has a largely similar geological setting and stratigraphy as Kummer quarry, being also part of the Eisenstadt-Sopron Basin (Fig. 2) .
Rosenberg quarry (samples are denoted by RR/n) (40 km south of Graz, Fig. 3) is part of the Retznei cement quarries of the Lafarge Zementwerke GmbH in the Styrian Basin. The Leitha limestones in the area are correlated with the second Badenian transgression into the Central Paratethys which corresponds to TB 2.4 of the global sea level of Haq et al. 1987 ; see also Strauss et al. (2006) . The stratigraphy of the studied locality shows a mixture of carbonates with silicivolcaniclastic sediments which were investigated and facies types were determined by Reuter et al. (2012) . Four depositional units and six facies types (reef facies, inter-reef facies, coralline algal debris facies, rhodolith-Porites facies, quartz sand-Planostegina facies and coral carpet facies) are reported from the mixed silici-volcaniclastic succession at the Rosenberg quarry (Reuter et al. 2012 ).
Methods
In total, 91 sediment samples were collected. The 41 samples from Mannersdorf include eight clastic samples for deciphering siliciclastic background values (i.e. one sand, one conglomerate, one sandstone and five intercalated clay samples) and 33 samples represent various Leitha limestones facies types. Six Leitha limestone samples were collected at the Wöllersdorf quarry. A total of thirty samples were taken from Kummer quarry near St. Margarethen village including twenty-three limestone samples, four marly facies and three clastic samples. Eleven samples were collected at Rosenberg quarry, two from the lower siliciclastics, four samples represent limestones, one tuff sample and four upper siliciclastics samples. Only three limestone samples were taken from the Fertőrákos locality. Limestone samples include both pure and impure limestones featuring visible siliciclastic contamination.
Rock samples were cut into 5×5 cm slabs for thin sections, while all samples were powdered for X-Ray Diffraction (XRD) and whole rock geochemical analyses. The thin sections were investigated microscopically and photomicrographs were taken by Leica microscope (Leica DM2700P) with Leica camera (Leica MC170 HD) connected to computer software (LAS v4.4.0) . For XRD analysis the powdered samples were analysed with a Panalytical PW 3040/60 X'Pert PRO diffractometer (CuKα radiation, 40 kV, 40 mA, step size 0.0167, 5 s per step). The X-ray diffraction patterns were interpreted using the Panalytical software "X´Pert High score plus" at the University of Vienna, Austria. SEM pictures were taken using a FEI Scanning Electron Microscope at the University of Vienna, Austria. The apparatus is equipped with secondary electron detectors for operation at high vacuum and low vacuum, as well as a back scattered electron detector and an energy dispersive X-ray detection unit (EDAX Apollo XV).
The chemical bulk rock analyses including major oxides, some minor elements (see Tables 1, 2 and base metals) ICP-mass spectroscopy was used (www.acmelab.com). Standard deviations are mainly in the range of 0.1 to 1 % (for further details see Neuhuber et al. 2016 ). In addition, three samples of cements and individual shells (cement from M14/43, oyster shell from SK/28 and pectinid shell from SK/19) were selected for chemical analyses to be compared to the whole rock chemical analyses of the same samples.
The PAAS-normalized REEs patterns were obtained by dividing the measured elements by the same elements of Taylor & McLennan (1985) . The PAAS value of REEs are as follows La = 38, Ce = 80, Pr = 8.9, Nd = 32, Sm = 5.6, Eu = 1.1, Gd = 4.7, Tb = 0.77, Dy = 4.4, Ho = 1, Er = 2.9, Tm = 0.4, Yb = 2.8 and Lu = 0.43 ppm (Taylor & McLennan 1985) . Ce anomaly was quantified after the normalization of the neighbouring elements La and Pr throughout the equation (De Baar et al. 1983) : Ce/Ce* = 2CeN/(La+Pr)N, and the Eu anomaly was evaluated using the equation: Eu/Eu* = EuN/√SmN*GdN, where the subscript N refers to normalized value to PAAS. Sr/Ca ratio was calculated after the conversion of CaO wt. % into Ca ppm by the equation (CaO wt. % * 0.7147) * 10000 = Ca ppm) to each sample then Ca was divided by Sr and expressed in a reverse manner where the numerator represents Sr and equals 1 and denominator represents the result of the division. These calculations were summed and averaged to all limestone samples. (Nesbitt & Young 1982; Harnois 1988; Chittleborough 1991; Cullers 2000) . The CIA is applied here to determine the degree of chemical weathering in which CaO* is set equal to Na 2 O because of the high content of calcite in all samples (McLennan et al. 1993) . Mn* values were calculated by the equation [(Mn*= Log (Mn sample / Mn shale ) / (Fe sample / Fe shale ) according to Wedepohl (1978) average Mn shale value is 600 ppm and average Fe shale value is 46150 ppm].
Results

Mineralogy
The bulk mineralogy of limestone samples from Mannersdorf examined by SEM, optical microscopy and XRD allowed the discrimination of four categories. The mineral composition of these categories is: (1) only calcite (pure limestone, Fig. 4a , b); (2) calcite and a small amount of quartz (also pure limestones); (3) calcite and a small amount of quartz and dolomite and (4) calcite, quartz and clay minerals (impure limestone, Fig. 4c, d ). Besides that, the optical microscopy and Scanning Electron Microscopy (SEM) examination of the samples proved the presence of muscovite (Fig. 4a) , clay minerals and feldspars with variable amounts in all studied limestones facies and sometimes pyrite and barite.
In this regard the Leitha limestones lithofacies are treated here separated in two main groups: (1) visibly "pure" limestones with minor amounts of detrital materials only confirmed by SEM and in some cases by optical microscopy, (2) "impure" limestones with variable to abundant amounts of the detritus revealed by XRD.
Samples from Wöllersdorf are subdivided into two groups according to the mineralogical composition, namely: (1) lithofacies mainly consisting of calcite, quartz and muscovite and (2) lithofacies composed of calcite, dolomite and quartz, both lithofacies are considered here as impure limestones. Limestones from the Kummer quarry display two main lithofacies: (1) limestones composed mainly of calcite and minor quartz abundance (pure limestones, Fig. 4e , f), and (2) marly facies composed of calcite with quartz and clay minerals. The Fertőrákos limestone samples are similar to the Kummer pure limestones with mainly calcite and quartz as mineral components.
The Rosenberg Leitha limestones comprise calcite, dolomite and quartz, dolomite is significantly more abundant (higher intensity peak in XRD chart, sample RR/7) in the sample directly in contact with the tuff layer, the mineralogy of the latter layer is quartz, calcite, muscovite, albite, orthoclase and gypsum.
Geochemistry
Major elements
The average chemical compositions of the Mannersdorf samples are shown in Table 1 . In pure Leitha limestones samples the major oxide is CaO average of 54.98 wt. % (n=25). In contrast the lithofacies with higher clay mineral contents (impure limestones) show a gentle variation in the major oxides in which the average CaO content is lower with value of 51.56 wt. % (n=6) while average Al 2 O 3 content is 1.19 wt. %.
At Wöllersdorf, the two Leitha limestones lithofacies which are impure limestones exhibit different chemical characte ristics (Table 2) 
Minor elements
Minor element contents in the Mannersdorf samples are low in the limestone facies compared to the siliciclastics (Table 1) . The only exception is strontium (Sr) which has a significantly higher content in the limestone facies. The average Sr content in the different limestone facies varies from pure (221 ppm, n= 25) to impure limestones (224 ppm, n=6) at Mannersdorf, recording Sr/Ca ratios with an average of 1/1845. Interestingly, the arsenic (As) content in siliciclastic samples is variable and ranges from low (9.6 ppm) to high (136.6 ppm) contents. In contrast As content in the limestones is considerably lower. In the Wöllersdorf samples the minor element concentrations are still low without major variations between the two lithofacies and similar to those from Mannersdorf quarry, except for Sr which is lower in the lithofacies containing dolomite with an average value of 141.5 ppm, with Sr/Ca ratio of 1/2412, and the other lithofacies has an average value of 253 ppm and Sr/Ca ratio of 1/1506.
In general minor elements in the Kummer samples are again low except for Sr. Unlike the Mannersdorf and Wöllersdorf samples, Sr content is higher in the Leitha limestones lithofacies with an average of 571 ppm (n=23). The Sr/Ca ratio in this locality also differs significantly from Mannersdorf and Wöllersdorf, with average value of 1/716. The average value in the intercalated marly facies is 360 ppm. The Sr content at Fertőrákos averages 629 ppm and Sr/Ca ratio of 1/613.
The Rosenberg samples show high Sr contents compared to the other localities not only in the Leitha limestones but also in surrounding siliciclastics. The average content in limestones (both pure and impure, n=4) equals 1271 ppm with Sr/Ca ratio average of 1/301, while Sr in the tuff layer has a value of 1074.1 ppm. 
REEs patterns
In the Mannersdorf samples the overall concentration of the REEs in the carbonate facies in general is lower and varying due to the clay content compared to the intercalated clastics with contents higher than 110 ppm. The average ƩREEs is 5.7 ppm (n=25) in the absence of clays (pure limestones) while this average is enhanced due to the presence of clays to 27.6 ppm (n=6). The total REEs value is strongly positive correlated to Al 2 O 3 wt. % (r=0.95), as well as Zr (r = 0.92); on the other hand, it is negatively correlated to CaO wt. % (r = − 0.84). PAAS normalized REEs patterns of the intercalated clastics are flattened and show average shale patterns (Fig. 5a ). PAAS (Taylor & McLennan 1985) normalized REEs patterns of limestones facies from Mannersdorf are almost flat with negative Ce anomaly in pure limestones (Fig. 5b, c) but this anomaly is less pronounced in impure limestones (Fig. 5d) . The LREEs/HRREs ratio is marked by the (La/Yb) N ratio which has an average value around 1 (i.e. 0.97, n=30), apart from some samples which exhibit HREEs enrichment with an average value of 0.45 (n=9).
The total REEs content in Wöllersdorf samples averages 12.3 ppm (n=6). The PAAS normalized RREs patterns are nearly flat (Fig. 6a) with low LRREs/HRREs ratio indicated by (La/Yb) N ratio ranging from 0.74 to 0.99 with an average of 0.86. (Fig. 6b) . The total REEs content in this facies has an average of 15.8 ppm (n=23), this content has very weak negative correlation with Zr (r = − 0.05), weak positive correlation with Al 2 O 3 with r =0.27 and weak negative correlation with CaO with r = − 0.21. The (La/Yb) N ratio average of this facies is 0.74. The pattern shape in the marly facies is characterized by MREEs enrichment (Fig. 6c) and the REEs content is higher than in the limestones facies with average values of 37.7 ppm, as well as the (La/Yb) N ratio average of 1.1. The clastic facies has a flat pattern (Fig. 6c) with the highest concentration among the facies in Kummer, with average REEs content of 106 ppm and (La/Yb) N ratio average of 1.1. Fertőrákos pure limestones exhibit a simi lar REEs pattern to those from Kummer ( Fig. 6d ) with average content of 14.8 ppm and (La/Yb) N ratio average of 0.66.
The Rosenberg limestones show two REEs patterns: (1) for two samples in contact with siliciclastics there is a flat pattern with average 13.4 ppm and (La/Yb) N ratio average of 1.04 and a seawater like REEs pattern with pronounced Ce anomaly and REEs average content of 6.09 ppm and HREEs enrichment indicated by (La/Yb) N ratio average of 0.54 (Fig. 7a) ; (2) the REEs patterns of the underlying and overlying layers and the intercalated tuff layer are flat with MREEs enrichments and (La/Yb) N ratio average of 0.9 (Fig. 7b) .
Ce anomaly
In Mannersdorf the values of the anomaly in the various rock types are approximately the same, the average value in pure and impure limestones is 0.9 (n= 33). Samples from Wöllersdorf have Ce/Ce* values close to those of the Mannersdorf average of 0.88. The Kummer pure limestones facies has an average Ce anomaly of 0.62, while the marly facies has a higher average of 0.86 and the highest average value is recorded in the intercalated clastics where it reaches 0.92. The average Ce anomaly in limestones from Fertőrákos is also 0.62. Pure limestones from Rosenberg quarry have average Ce anomaly value of 0.7 (n= 2) while the average value of the impure facies is 0.84 (n=2). 
Eu anomaly
Both pure and impure limestones from Mannersdorf have an average Eu anomaly value of 1.12 (0.68-2.15) which does not differ from the average value for the siliciclastics from the same locality which equals 1.13. The Eu anomaly from the Wöllersdorf limestones ranges from 0.58 to 1.1 with average of 0.9. Kummer samples including pure limestones, marly limestones and siliciclastics all have nearly the same Eu ano maly with an average value of 1.02, 1.03 and 1.05, respectively. Fertőrákos limestones have an Eu anomaly average of 1.09. The Eu anomaly of pure and impure limestones 
Y/Ho ratio
The average Y mol /Ho mol ratio of pure and impure limestones from Mannersdorf are approximately the same 34 and 33, respectively. In Wöllersdorf the limestone lithofacies containing dolomite has an average value of 31 which is lower than the average value in the lithofacies dominated by calcite with clays where it equals 33. In the Kummer pure limestones facies the average value is 39 and in the marly facies the ratio's average is 35. The limestones from Fertőrákos have exactly the similar ratios as the Kummer limestones. At Rosenberg the Y/Ho ratio averages 35 (31-45) in both pure and impure limestone facies.
Discussion
Factors controlling mineralogy
The Leitha limestones studied here have slightly different mineralogical compositions according to the sampling locality and its regional substratum geology. Samples from Mannersdorf and Wöllersdorf show the effect of intermittent siliciclastic input during limestone deposition as indicated by the presence of quartz and clay minerals, as well as the effect of diagenesis which led to the formation of dolomite. Various types of pure to impure limestones can be recognized in all the studied localities. Major impurities are quartz, clay minerals and other phyllosilicates, and feldspar (e.g. microcline), reworked and incorporated from adjacent basement complexes and derived from riverine input. The source of pyrite and barite in some samples may be related to the degradation of organic matter during the early stages of diagenesis which provides sulphur for the formation of such minerals in oxic to suboxic environments (Schieber 2011; Arndt et al. 2013) .
In pure limestones from Kummer and Fertőrákos, the predominance of calcite and the sole abundance of clastic minerals (e.g., quartz and clay minerals) are also related to the role of erosion and reworking of pre-existing limestones in subaerial and shallow water conditions, as a result of reduced marine conditions and/or lowered sea level. This scenario is based on the deposition of sands, gravels and hydrodynamically controlled "detritic" Leitha limestones by Gilbert-type deltas in the Eisenstadt-Sopron Basin (Rostá 1993; Wiedl et al. 2014) . Limestones from Rosenberg show detrital input signals especially in the impure limestone samples collected near the contact with underlying and overlying siliciclastics. Magmatic activity certainly played a role in affecting carbonate sedimentation in the studied area (Reuter et al. 2012) . Mineralogically, dolomite formation in those limestones is related to the presence of intervening tuff layers, which are originally rich in Mg, acting as the primary source for dolomitization during early diagenesis.
Geochemistry
Major elements
Generally, CaO wt. % in the studied limestones varies in reverse relation to SiO 2 and Al 2 O 3 which clearly indicates the effect of siliciclastic input and thus detrital dilution of carbonates during deposition. Al 2 O 3 is used as a proxy for clay content in limestones (Nothdurft et al. 2004) , and the average contents of 1.2 wt. % in impure limestones from Mannersdorf confirms their classification as shale-contaminated (average value for siliciclastic-contaminated carbonates is 0.42 wt. %, Veizer 1983 ). The same feature applies at Wöllersdorf with Al 2 O 3 wt. % average of 0.63. On the other hand, pure limestones from Kummer and Fertőrákos do not show any significant siliciclastic contamination as indicated by Al 2 O 3 contents below 0.37 wt. %. At Rosenberg, the two samples in contact with the underlying and overlying siliciclastics have Al 2 O 3 contents of 0.7 and 0.8 wt. %, respectively, giving an indication of the contamination, while the two limestone samples further away from the contact and in the middle of the outcrop do not show a similar trend and can be classified as pure limestones with an Al 2 O 3 wt. % average of 0.06.
Minor elements
The Leitha limestones exhibit a significant variation in Sr content, with a general increase towards the South of the studied Austrian basins (Fig. 8) . Although Sr values are lower than the average global carbonate value (610 ppm, Mielke 1979), the Sr content in the different limestone facies at Mannersdorf is the highest among the various rock types in that area with an average of 231 ppm. The Sr/Ca ratio in carbonates is used as a proxy to track the variations in seawater Sr/Ca ratio (e.g., Ullmann et al. 2016 ) and the diagenesis (e.g., Ando et al. 2006) . The Sr/Ca ratio with an average of 1/1845 in all the Leitha limestones samples is higher than the mean value given by Kulp et al. (1952) which should be less than 1/1000 in most types of limestone. The lowest content is recorded in Mannersdorf and Wöllersdorf with a maximum value of 352 ppm. The Sr is favoured to be incorporated into aragonite rather than calcite, but this Sr is lost during diagenetic transformation of the metastable aragonite into the stable calcite (Morse & Mackenzie 1990) .
Two main causes of low Sr content in limestones from Mannersdorf and Wöllersdorf are proposed here. First, the main constituents of these limestones are corallincean red algae and foraminifers which are, mineralogically, high-Mg calcites (Scholle & Ulmer-Scholle 2003) , more prone to low Sr contents. Second, the release of Sr to pore water during recrystallization of calcite (Baker & Bloomer 1988) reduces the Sr content of the deposits. Although, additional diagenetic studies should be carried out on these localities, we favour the second explanation because Leitha limestones with largely similar composition, for instance, from the Kummer quarry have higher Sr contents with slight upward increase due to diagenesis (Fig. 9) .
The highest Sr content is recorded in samples from the Styrian basin (i.e. Rosenberg samples) not only in the limestones, but also in the siliciclastics except for two samples. This basin suffered volcanism with a wide spectrum of magmatic rocks during the Neogene to Quaternary evolution of the Carpathian-Pannonian region (Harangi et al. 2006; Seghedi & Downes 2011 , Ali & Ntaflos 2013 . Volcanic activity may have played a role in a higher primary Sr content of regional Badenian water masses, and thus may be preserved in limestones from the Rosenberg quarry. Scleractinian corals (e.g. Porites and Tarbellastraea, Riegl & Piller 2000) which are aragonitic (Scholle & Ulmer-Scholle 2003) could also account for parts of the higher Sr content.
REEs patterns
The total REEs contents in the pure and impure samples from Mannersdorf and impure samples from Wöllersdorf and their strong positive correlation with terrigenous proxies such as Al 2 O 3 and Zr (Fig. 10) indicates the influence of the detrital input during sedimentation on the total REEs content. Zr is used as a terrigenous input proxy due to its resistance to weathering and alteration processes (Taylor & McLennan 1985) besides its low abundance in seawater (Boswell & Elderfield 1988) and the single valency state prevents the effect of the changing redox conditions during deposition (Calvert et al. 1996) . The stratigraphic distribution of the REEs content at Mannersdorf does not show a clear relationship between the facies type and REEs concentration (Fig. 10) . The PAAS normalized REEs patterns of all the Leitha limestones facies are flat in shape and display a non-seawater like pattern due to the effect of clay admixture. These flat patterns are similar to the patterns of shales which represent the original source of the REEs in the ocean (Elderfield 1988) . There is no strong correlation between REEs content and detrital proxies such as Al 2 O 3 and Zr (r=0.27 and −0.05, respectively) in Kummer pure limestones samples supporting the idea that these samples are not contaminated by siliciclastics and retain the (original) seawater signal better. The REEs contents in the studied facies types do not vary and have a limited range (Fig. 11) . Also, REEs patterns in these samples and at Fertőrákos show seawater-like shale normalized REEs patterns, characterized by HREEs enrichment shown by the low (La/Yb) N ratio (average 0.74 for 23 samples), a negative Ce anomaly (average = 0.6) , and a high (Y/Ho) mol ratio (average = 39). These patterns are interpreted as preserving the primary sedimentary environmental signal of marine water under oxic conditions (Haley et al. 2004) .
Both REEs pattern types exist in the Rosenberg samples, where impure samples in contact with the underlying and overlying siliciclastic and contaminated with shale have flat non-seawater like patterns with (La/Yb) N of average 1.04 (n=2), higher REEs content (average 13.4 ppm), lower (Y/Ho) mol ratio of average 31 and Ce anomaly of 0.84. On the other hand, the pure limestones samples are significantly different, displaying seawater-like patterns with HREEs enrichment with (La/Yb) N of average 0.54 (n=2), lower REEs content of average 6.1 ppm, higher (Y/Ho) mol ratio of average 39 and Ce anomaly of 0.7. The latter two samples suggest deposition of the Rosenberg limestones under oxic conditions whereas more impure samples indicate a masking of the primary environmental (seawater) signal by siliciclastic contamination.
To test for the REEs elements pattern source three singlecomponent samples were selected (cement, oyster shell, and pectinid shell) to be compared to the whole rock chemical analyses of the same parental samples. The cement fraction (sample M14/43) does not show a diverging total REEs content compared to the whole rock sample (5.28 vs. 5.73 ppm, respectively) but the Ce anomaly is different with a lower value of 0.62 in the cement fraction compared to 0.86. The REEs pattern in the cement fraction is more similar to the seawaterlike pattern than the sample itself, with HREEs enrichment (i.e. (La/Yb) N value of 0.2), this ratio is 0.52 in the sample (Fig. 12a ) and higher Y/Ho ratio of 27 and 23 for the whole sample. These relations give a hint of oxic marine conditions and cement precipitation from seawater trapped in pores during early diagenesis.
In samples from Kummer the total REEs content is lower in the biogenic fractions compared to the whole rock sample (3.22 and 2.78 ppm vs. 12.96 and 13.8 ppm in the whole rock samples). The REEs patterns in the whole rock samples are better defined than in the biogenic material (Fig. 12b ) which can be explained by the lack of some elements such as Dy and Tm and the low elements contents of these fractions. The Ce anomaly is lower in the oyster shell (0.5 vs. 0.65 in the whole rock sample), a reverse situation to the pectinid shell where it is higher than the whole sample (0.59 vs. 0.52, respectively). Also, the Y/Ho ratio shows no clear trend from the shells versus the whole rock samples.
Ce anomaly
The Ce anomalies in limestones from Mannersdorf and Wöllersdorf are close to 1, and thus differ from seawater values (0.1-0.4). This can be explained by (1) the minor presence of clay minerals (from detrital input) in the pure and impure samples which is identified in all samples based on XRD analysis but to some extent by using SEM; (2) the release of LREEs due to the degradation of the organic matter including Ce in the few centimetres depth of the sediment column below the sea floor. Haley et al (2004) showed that in oxic environments the remineralization of organic coatings results in a balancing of the Ce anomaly to the value of the source material. Moreover, the presence of pyrite and barite supports such a conclusion by postulating that the organic matter was the source for sulphur (Schieber 2011; Arndt et al. 2013) . The Ce anomaly record is different at Kummer and Fertőrákos, displaying considerably lower values (average 0.62) than at Mannersdorf and Wöllersdorf. This indicates primary seawater values and conforms to an interpretation of an oxic depositional environment, characterized by the lack of detectable detrital input which may have been removed during reworking and redeposition of the predominating detrital limestones from these localities. At Rosenberg, two ranges of Ce anomalies exist which indicate significant detrital input in impure limestones resulting in higher values whereas the lower values in pure limestones record primary oxic conditions.
Y/Ho ratio
The ratio of yttrium (Y) versus holmium (Ho) in the studied limestones samples is nearly similar in all the studied localities. The values are slightly higher in samples exhibiting low or no siliciclastic input (≥ 35 in relatively pure limestones) compared to samples with siliciclastic admixture (29 -35 in impure limestones). The values indicate in general deposition under oxic conditions. Due to the similarity in ionic radii of Y and Ho the expected oceanic distributions are closely similar (Zhang et al. 1994; Bau et al. 1995) . Nevertheless, their different geochemical behaviour results in strong frac tionation between the two elements. The former authors deduced that the Y/Ho ratios in seawater are approximately two times higher than the chondritic and shale ratios. The ratio is also affected by redox conditions where it decreases from 102 in oxic to 67 in anoxic waters as a consequence of preferential sorption of Ho with respect to Y on Fe-and Mn-oxyhydroxide particles that eventually dissolve under anoxic conditions (Bau et al. 1997) . The fractionation takes place predominately in the ocean (Nozaki et al. 1997) .
Interpretation of controlling factors
The evidence derived from the mineralogical compositions and the above mentioned geochemical proxies account for the influence of several factors controlling the sediment geochemistry, notably the trace elements and RREs. In principle the following main factors govern the composition of the Miocene limestones: (1) detrital admixture from siliciclastics and volcaniclastics, (2) palaeoenvironmental signals from primary seawater composition and redox states, (3) diagenetic overprint. Detritally-contaminated limestones show clear devia tions from the normal seawater conditions while the purer limestones point more clearly to the primary depositional environments if not strongly affected by diagenesis and later alteration.
Diagenetic evolution
There are significant differences in the diagenetic evolution between the studied localities. Chemical elements such as Sr, Na and Ba can be used as indices for the magnitude of diagenetic overprint, because these elements are generally incorporated during deposition and redistributed during diagenesis (e.g., Land & Hoops 1973; Brand & Veizer 1980; Morrison & Brand 1986; Nothdurft et al. 2004; Webb et al. 2009 ). Here, the enrichment and/or depletion of these elements are used only to evaluate the relative degree of diagenesis in the studied limestones.
Intensive meteoric diagenesis, as expected and demonstrated for these carbonate platforms (Dullo 1983) leads to depletion in elements such as Sr, Na and Ba. The overall Sr content varies considerably, with low amounts in all limestone samples from Mannersdorf and Wöllersdorf (averages 221 ppm in Mannersdorf and 197 ppm in Wöllersdorf), and increasing from Kummer and Fertőrákos (average 570 ppm) to Rosenberg (average 1271 ppm) as shown in Figure 8 . This trend indicates in general that Mannersdorf and Wöllersdorf limestones suffered more intensive diagenesis compared to the other localities. A similar trend in Na and Ba supports this idea. Mannersdorf and Wöllersdorf show the lowest values of these elements (Na not detected in most of the samples, average Ba of 15.6 ppm), followed Kummer and Fertőrákos (average 212.9 ppm Na, average 20.6 ppm Ba) and with the highest values at Rosenberg (average 315.3 ppm Na, average 43.5 ppm Ba). The above mentioned values for Na and Ba are derived only from pure limestone samples without visible contamination by detrital input to avoid mixing with the signal coming from clay minerals. The minimal diagenetic overprint on limestones from the Rosenberg quarry was previously also reported on the basis of stable isotopes studies on shell material (Bojar et al. 2004) . REEs patterns are in accordance with this interpretation, indicating stronger diagenetic overprint influencing the palaeoenvironmental signal considerably at Mannersdorf and Wöllersdorf, whereas at Kummer and Rosenberg localities, the original seawater signal is largely preserved.
Provenance
Geological setting and relations to basement rocks at the studied localities gives the opportunity to evaluate the applicability of various elemental ratios to deduce the possible sources of siliciclastic input during shallow-water carbonate deposition. The distributions of immobile elements are used to interpret sediment sources and hinterland geology, for example, La and Th are enriched in acidic rocks, while Sc, Cr and Co are enriched in basic rocks (McLennan et al. 1983 (McLennan et al. , 1990 Cullers 2000; Madhavaraju et al. 2010) . The resulting elemental ratios are more affected by the composition of source rocks rather than the depositional environment (Cullers 1988 (Cullers , 1994 . La/Sc, La/Co, Th/Sc, Th/Co and Th/Cr elemental ratios are used to evaluate and classify the detrital input sources. Elemental ratios of limestone samples from Mannersdorf and Kummer containing considerable amounts of detrital materials and siliciclastic samples from the former localities and Rosenberg are shown in Table 4 . The Mannersdorf samples exhibit a wide range of elemental ratios indicating intermediate to silicic igneous rock sources, while the Kummer and Rosenberg samples plot in the range of silicic rocks (Figs. 13, 14) . This conforms to the mainly silicic source material present in the Austroalpine basement units of the surrounding Alpine units (e.g., Schuster & Nowotny 2015) , namely (meta) granites, gneisses and mica schists.
Palaeoenvironments
Considering pure (with respect to detrital contamination) and diagenetically relatively unaltered limestones, Ce and Eu anomalies can be used as proxies to infer palaeoenvironments, essentially indicating the redox state during limestone deposition. In addition, the Mn* values of the Leitha limestone samples are overall positive indicating deposition under oxic conditions. On the other hand, some siliciclastic samples from the three localities show negative Mn* values which point to (more) reducing depositional environments, in accordance with intermittently low-oxygen depositional sites and dysoxia events inferred for certain parts of the Leitha limestone platforms (Schmid et al. 2001) .
Weathering
Weathering indices, related to source rock weathering, were evaluated here to test the applicability of these methods and to evaluate the transfer of the weathering signal from the source to the carbonates. The relative proportions of mobile element oxides (CaO, Na 2 O and K 2 O) to immobile element oxides Cullers (1994 Cullers ( , 2000 ; Cullers & Podkovyrov (2000) ; Cullers et al. (1988) b Taylor & McLennan (1985) (Al 2 O 3 ) were used to determine the degree of chemical weathering, in our study related to weathering of the siliciclastic admixture in impure limestones; pure limestones cannot be used for these methods because of the low contents of the respective elements. The Mannersdorf impure and Kummer marly limestones and siliciclastics show uniform, moderate to high degrees of chemical weathering with CIA values ranging from 71 to 91 (Table 4) . Using the A-CN-K (Al 2 O 3 -CaO*+ Na 2 O -K 2 O) ternary plot (Fig. 15) , these values approach the muscovite and illite fields which have CIA values of 75 and 75 to 85, respectively (Nesbitt & Young 1982) . Such values resulted from the transformation of feldspars (from felsic source rocks of the Austroalpine basement) into clay minerals along the transport path and finally deposited in limestones or as intercalated layers. In comparison, the Rosenberg samples show lower values (64-73, Fig. 15 ) with a low degree of chemical weathering indicating most probably the influence of the primarily volcano-siliciclastic input in the Styrian basin with short transport distance und thus minor weathering. The CIW` shows a similar trend to CIA among the studied samples (Table 4) . In contrast to impure limestones, the application of the CIA index in pure limestones (i.e. low Al 2 O 3 content below 0.42 wt. %, for example, in the Kummer limestones) proves impractical because the obtained values are attributed to low contents of both mobile and immobile oxides rather than a particular mineralogy.
Provenance versus palaeoenvironmental signals
Geochemical data from varying sites of Central Paratethys Middle Miocene carbonate platform limestones allow a testing of signals according to provenance and/or palaeo-environmental significance. Samples investigated range from pure limestones (Al 2 O 3 < 0.42 wt. %, CaCO 3 > 99 wt. %) to impure limestones (Al 2 O 3 > 0.42 wt. %, CaCO 3 < 80 wt. . %, impurities from quartz, pyrite and evaporites) to siliciclastics (sands, clays) present as interlayers and below and/or above the limestones. Signals can thus be separated accordingly into those stemming from siliciclastic admixture, and so mainly influenced by provenance signals carried by the (minor) siliciclastic fraction, and palaeoenvironmental signals representing original sea-water composition -although this signal may also be indirectly influenced by the surrounding geology via dissolution and locally deviating water chemistry within the basins investigated.
As expected, the provenance signal is the main influence on various parameters as deduced from similar values going from impure to more pure limestones. Still, classical provenance indicators like immobile elemental ratios, CIA and CIW` are applicable and interpretable even in impure limestones such as those from Mannersdorf, which contain considerable amounts of Al 2 O 3 up to 2.5 wt. % and marly samples from the Kummer quarry. The high values of the CIA indicate enhanced chemical weathering in the hinterland due to warm and humid palaeo climate, and thus compatible with increased detrital input into the basins (Nesbitt & Young 1982; Zhao & Zheng 2014) .
Furthermore, the stratigraphic evolution at Mannersdorf with a significant gradual decline in the detrital content (e.g., Al 2 O 3 , Fig. 10 ) upwards coincides with the regional palaeoclimatic changes in the Central Paratethys region in which a tropical (Wiedl et al. 2012 ) to warm-temperate climate (Mid-Miocene Climatic Optimum) was followed by gradual temperature decline (Ivanov et al. 2002; Hohenegger et al. 2009; Kováčová et al. 2009 ). Provenance signals are derived clearly as a function of the presence of detrital-siliciclastic material which, by itself, is also a function of weathering, palaeoclimate and palaeohydrology. The alternative explanation of enhanced detrital input due to tectonic subsidence and hinterland uplift is unlikely because of the significant decrease in tectonic activity during the middle to late Badenian (Lee & Wagreich 2017) .
In contrast, only pure limestones with Al 2 O 3 below 0.23 wt. % give reliable information about their specific depositional environment and environmental conditions in general. Thus, palaeo-environmental signals are relatively hard to decipher especially with increasing shale contamination into the limestones. However, some indices may still work in impure limestones with Mn*, Ce/Ce* and Eu/Eu* especially useful in the case of separating oxic from low-oxic/anoxic palaeoenvironments. All of these indices generally indicate deposition of the Leitha limestones under oxic conditions; only exceptional cases indicate low-oxic/anoxic conditions (e.g., negative Mn* values), also proven by faunal evidence such as the preservation of fish remains (Schmid et al. 2001) . Other proxies show normal marine conditions as indicated by "normal" seawater values without further specifications.
Conclusions
The five studied Middle Miocene Leitha limestone occurrences exhibit various mineralogical, geochemical and environmental features. These features can be summarized as follows: No clear relationship between facies types and geochemical characteristics can be deduced due to both significant detrital input and diagenetic influence.
• The Leitha limestones from Kummer and Fertőrákos (Eisenstadt-Sopron Basin) are purer with regard to the detrital input in which no clay minerals were detected. This criterion makes limestones from these localities excellent tracers for the primary depositional environments; at the same time it inhibits clear determination of provenance. REEs patterns, Ce anomaly and Y/Ho ratio indicate the deposition of limestones under oxic shallow marine conditions. The origin of the siliciclastics in the marly facies and in clay layers in Kummer quarry is from silicic igneous rocks. The palaeoenvironments of these siliciclastics were oxygen-deficient.
• The limestones from the Rosenberg quarry (Styrian Basin) were influenced by volcano-siliciclastic events during the Badenian, displayed by quartz, clay minerals, feldspars and dolomite especially in samples near the contact with the siliciclastics. The low degree of chemical weathering evidenced by low CIA values also assures the nearby and less altered volcano-siliciclastic source of the detrital input. The marine signal of these facies is not obvious due to this influence, while in the facies away from the contact with siliciclastics oxic shallow marine conditions represent the depositional environment. The source of the siliciclastics at Rosenberg is silicic igneous rocks for both underlying and overlaying ones. In general, provenance signals are detectable going from (siliciclastic) sediments to impure limestones which contain Al 2 O 3 down to 2.5 wt. %. The source rock signal is thus the main influence on limestone geochemistry in impure limestones, and classical provenance indicators like immobile elemental ratios, CIA and CIW` are applicable and interpretable even in slightly impure limestones. Proxies for reconstructing environmental conditions during deposition are mainly indices that may separate oxic from low-oxic/anoxic palaeoenvironments like Mn*, Ce/Ce* and Eu/Eu* which worked reliably going from impure to pure limestones.
